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The lithium niobate integrated photonic platform has recently shown great promise in nonlinear
optics on a chip scale. Here, we report second-harmonic generation in a high-Q lithium niobate
microring resonator through modal phase matching, with a conversion efficiency of 1,500% W−1.
Our device also allows us to observe difference-frequency generation in the telecom band. Our work
demonstrates the great potential of the lithium niobate integrated platform for nonlinear wavelength
conversion with high efficiencies.
I. Introduction
Optical parametric generation via a quadratic non-
linearity has been extensively studied for the capability
of wavelength conversion through elastic photon-photon
scattering, constituting the basis of various applications
including coherent radiation [1], spectroscopy [2], fre-
quency metrology [3], and quantum information process-
ing [4]. With the ability to strongly confine optical modes
in the micro-/nano-scale, a number of integrated pho-
tonic platforms have been developed for strong nonlinear
optical effects with high efficiencies and low power con-
sumption [5–11].
Among all the integrated nonlinear photonic platforms,
lithium niobate (LN) has recently attracted remarkable
attentions, owing to its wide transparency window and
strong quadratic optical nonlinearity. To date, a vari-
ety of nanophotonic systems, including waveguides [12–
18], microdisks [19–24], microrings [25, 26], and pho-
tonic crystal cavities [27–29], have been studied for op-
tical parametric processes in LN. Cavity-enhanced non-
linear wavelength conversion has been demonstrated in
doubly/triply resonant LN microresonators through a
number of techniques including modal phase matching
[19, 22, 24, 26], cyclic phase matching [20, 21, 23], and
quasi-phase matching [25]. However, the potential of the
LN integrated platform has not yet been fully explored
for efficient nonlinear parametric processes, and current
devices demonstrate only moderate efficiencies far from
what LN can provide. Here, we report optical paramet-
ric generation in a high-Q Z-cut LN microring resonator
through exact modal phase matching. The device ex-
hibits optical Q’s of ∼105 for the designed cavity modes
in the 1550 and 780 nm bands, and both modes are well
coupled to a single bus waveguide, enabling us to con-
veniently measure a second-harmonic generation (SHG)
efficiency of 1,500% W−1. In addition, by pumping into
the mode in the 780 nm band, we are also able to ob-
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serve difference-frequency generation (DFG) in the tele-
com band. Our work shows the great promise of modal-
phase-matched LN microresonators for efficient optical
parametric generation.
II. Design and characterization
In order to achieve modal phase matching in a mi-
croresonator, we performed photonic design with a Z-
cut LN thin film, whose optical axis lies vertically,
showing no anisotropy of refractive index in the device
plane. To utilize the largest nonlinear term d33, we
designed for phase matching between the fundamental
quasi-transverse-magnetic mode (TM00) at 1550 nm and
a high-order mode TM20 at 775 nm. For simplicity,
we preformed numerical simulation of effective indices
in a straight waveguide, as a guideline for microring res-
onators with a relatively large radius, which is 50 µm in
our study. Fig. 1(b) presents the simulation result by the
finite element method, which shows that for a waveguide
thickness of 600 nm, modal phase matching happens for
TM00 at 1550 nm and TM20 at 775 nm when the waveg-
uide width is about 690 nm. For a microring resonator
with the same cross-section, since the Z-cut LN thin film
is isotropic in the device plane, the phase matching con-
dition is consistently satisfied at any azimuthal angle,
which is expected to produce strong SHG as the phase-
matched FF light travels around the cavity.
Our device fabrication started from a Z-cut LN-on-
insulator wafer by NANOLN, with a 600-nm-thick LN
thin film sitting on a 3-µm-thick buried oxide layer and
a silicon substrate, and the process was similar to that
of our previous work [29]. Fig. 1(c) shows a fabricated
microring resonator, coupled to a pulley waveguide [30,
31], and Fig. 1(d) gives a closer look at the coupling
region. Later device characterization shows that a bus
waveguide top width of ∼200 nm, a gap (measured at
the top surface of the LN thin film) of ∼350 nm, and a
coupling length of ∼20 µm are able to give good coupling
for both the fundamental-frequency (FF) and the second-
harmonic (SH) modes.
After fabricating the device, we conducted experiments
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FIG. 1. (a) Experimental setup for device characterization and optical parametric generation. VOA: variable optical attenuator;
WDM: wavelength-division multiplexer; LPF: long-pass filter; OSA: optical spectrum analyzer. (b) Numerically simulated
effective indices of the TM00 mode at 1550 nm and the TM20 mode at 775 nm, as functions of the top width w of a straight
waveguide. Other waveguide parameters are h1=550 nm, h2=50 nm, and θ=75
◦. (c) Scanning electron microscopy image of
our LN microring. (d) Zoom-in of the bus-ring coupling region.
to characterize its linear optical properties and demon-
strate nonlinear parametric generation, with the setup
shown in Fig. 1(a). We used two continuous-wave tunable
lasers, one in the telecom band around 1550 nm, the other
in the near-infrared (NIR) around 780 nm. Light from
both lasers was combined by a 780/1550 wavelength-
division multiplexer (WDM), and launched into the on-
chip bus waveguide via a lensed fiber. The bus waveg-
uide coupled light at both wavebands into and out of the
microring resonator, inside which nonlinear optical para-
metric processes took place. A second lensed fiber was
used to collect output light from the chip, and a second
780/1550 WDM was utilized to separate light at the two
wavebands. At the 1550 port of the WDM, a long-pass
filter that passes light with a wavelength over 1100 nm
was used to eliminate residual NIR light, and the telecom
light was further split into two paths, one to an InGaAs
detector for characterization, and the other to an optical
spectrum analyzer (OSA) for spectral analysis of DFG; at
the 780 port, the NIR light was also split into two paths,
one to a Si detector for characterization, and the other
to an OSA for detection of SHG. Variable optical atten-
uators were employed to study power-dependent proper-
ties, and polarization controllers were used for optimal
coupling of the wanted polarization.
In order to obtain the linear optical properties of our
microring resonator, we scanned the wavelengths of both
lasers and measured the transmission spectra near both
1550 and 780 nm, as shown in Fig. 2(a) and (b). Our mi-
croring resonator exhibits a single TM mode family near
1550 nm, and the mode at 1547.10 nm, which is the FF
mode for modal-phase-matched SHG, is almost critically
coupled, with a coupling depth of ∼99% and a loaded
optical Q of 1.4×105 [see Fig. 2(c)]. On the other hand,
the SH mode at 773.55 nm is under-coupled, with a cou-
pling depth of ∼83% and a loaded optical Q of 9×104 [see
Fig. 2(d)]. The fiber-to-chip coupling losses are about 6.9
and 11.4 dB/facet for the FF and SH modes, respectively.
These high optical Q’s, together with the large nonlinear-
ity in the designed type-0 process using d33 = 27 pm/V,
indicate strong and efficient nonlinear optical interactions
in phase-matched parametric generation with cavity en-
hancement.
III. Optical parametric generation
To study SHG in the microring resonator, we launched
pump power into the FF mode at 1547.10 nm, and saw
strong scattering of generated NIR light from the res-
onator by an optical microscope, with an example shown
as the inset of Fig. 3. By varying the pump power, we
obtained the power dependence of the SHG, as shown
in Fig. 3. The experimental data exhibit a quadratic
relation between the generated SH power and the FF
pump power, which is the signature of SHG in the low-
pump-power regime. The measured conversion efficiency
is 1,500% W−1. This efficiency is more than one or-
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FIG. 2. Transmission spectra of the LN microring near (a)
1550 nm, and (b) 780 nm. TM00 modes around 1550 nm and
TM20 modes around 780 nm are indicated by purple and ma-
genta arrows, respectively, with big arrows showing the phase-
matched modes. (c) and (d) Detailed transmission spectra of
the two phase-matched modes, with experimental data shown
as solid curves and fittings shown as dashed curves.
der of magnitude higher than those in many other LN
microresonators [19–21, 24–29]. It is even comparable
with a recent study of cyclic phase matching in an X-cut
microdisk exhibiting an ultra-high Q of ∼107 [23], two
orders of magnitude higher than that of our microring
resonator, directly showing the advantage of exact modal
phase matching. With future optimization of the optical
Q’s of our device (say, by using a thicker LN film and an
oxide cladding to reduce the sidewall scattering loss), we
expect a further increase in the conversion efficiency.
The measured efficient SHG validated phase match-
ing in our microring, and also indicated its capability of
other parametric processes. In order to explore this, we
launched power in both the SH mode, and one of the
modes near the FF mode. Fig. 4 presents the recorded
spectra in the telecom band. With only 6.6 µW of on-chip
power at the SH mode, we were able to convert long-
wavelength telecom light coherently into shorter wave-
lengths through DFG. The long-wavelength pump power
launched on chip was 105 µW, and the generated power
at the difference frequencies was about 480 pW, indicat-
ing a conversion rate of about -53 dB.
IV. Theoretical analysis
In order to acquire a better understanding of nonlin-
ear parametric processes in our device, we can analyze
the system with a model derived from the coupled mode
theory [32, 33]. With no pump depletion, the conversion
efficiency of modal-phase-matched SHG in our doubly
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FIG. 3. Power dependence of SHG, showing a quadratic re-
lation between the SH power and the pump power. The mea-
sured conversion efficiency is 1,500% W−1. The inset shows
an optical image of generated SH light scattered from the
microring when the pump power was 440 µW.
resonant (ω2 = 2ω1) optical cavity can be calculated by
Γ ≡ P2
P 21
≈ 64γ
2
~ω41
Q41lQ
2
2l
Q21eQ2e
, (1)
where P1 (P2) is the launched (produced) optical power
at the FF (SH); ~ is the reduced Planck constant; ω1 (ω2)
is the optical frequency, Q1l (Q2l) is the loaded Q, and
Q1e (Q2e) is the coupling Q of the FF (SH) mode; and γ
is the single-photon coupling strength written as
γ =
√
~ω21ω2
20˜21˜2
deffζ√
Veff
. (2)
In Eq. 2, 0 is the vacuum permittivity, ˜1 (˜2) is the
relative permittivity of the nonlinear medium at the FF
(SH), deff is the effective nonlinear coefficient, ζ is the
mode overlap factor represented as
ζ =
∫
χ(2)
(E∗1z)
2E2zd
3x
| ∫
χ(2)
| ~E1|2 ~E1d3x| 23 |
∫
χ(2)
| ~E2|2 ~E2d3x| 13
, (3)
and Veff ≡ (V 21 V2)
1
3 is the effective mode volume, with
Vi =
(
∫
all
i| ~Ei|2d3x)3
| ∫
χ(2)

3
2
i | ~Ei|2 ~Eid3x|2
, (i = 1, 2), (4)
where
∫
χ(2)
and
∫
all
denote three-dimensional integration
over the nonlinear medium and all space, respectively,
1(~r) [2(~r)] is the relative permittivity at the FF (SH),
and E1z (E2z) is the z-component of ~E1(~r) [ ~E2(~r)], the
electric field of the FF (SH) cavity mode.
With the equations above, the SHG efficiency in our
LN microring is calculated to be Γ ≈ 30, 000% W−1.
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FIG. 4. Recorded DFG spectra, when pumping at the SH
mode in the NIR and one of the five nearest modes with longer
wavelengths than the FF mode in the telecom band. Pump
power at the SH mode was 6.6 µW.
Thus, there is more than one order of magnitude dif-
ference between the theoretical prediction and our ex-
perimental result. The main reason for this discrepancy
is likely non-uniformity of the microring at different az-
imuthal angles. By simulation, a change of 1 nm in the
waveguide width, for example, will lead to a shift of ∼ −3
nm in the phase-matched pump wavelength of SHG. Con-
sidering the small linewidths of our cavity modes, which
are only 11 pm for the FF mode and 9 pm for the SH
mode, the phase-matching window is easily shifted out
of the cavity resonances due to fabrication imperfections.
Besides, there is also a certain level of non-uniformity in
the thickness of the LN thin film, giving more uncertainty
to the uniformity of phase matching. We believe these
technical issues will be addressed by optimized fabrica-
tion techniques in the near future, and the conversion
efficiency can be significantly improved.
V. Conclusion
In conclusion, we have demonstrated optical paramet-
ric generation in a LN microring resonator with modal
phase matching. We have used a single bus waveguide to
conveniently couple the FF and SH modes, both showing
coupling depths over 80% and exhibiting loaded optical
Q’s around 105, resulting in a measured conversion effi-
ciency of 1,500% W−1 for SHG. In addition, we have also
observed DFG in the telecom band. Our work represents
an important step towards ultra-highly efficient optical
parametric generation in photonic circuits based on the
LN integrated platform.
Acknowledgments
The authors thank Xiyuan Lu at National Institute of
Standards and Technology for helpful discussions. This
work was supported in part by the National Science
Foundation under Grant No. ECCS-1641099, ECCS-
1509749, and ECCS-1810169, and by the Defense Threat
Reduction Agency under the Grant No. HDTRA1827912.
The project or effort depicted was or is sponsored by
the Department of the Defense, Defense Threat Reduc-
tion Agency. The content of the information does not
necessarily reflect the position or the policy of the fed-
eral government, and no official endorsement should be
inferred. This work was performed in part at the Cor-
nell NanoScale Facility, a member of the National Nan-
otechnology Coordinated Infrastructure (National Sci-
ence Foundation, ECCS-1542081), and at the Cornell
Center for Materials Research (National Science Foun-
dation, DMR-1719875).
[1] M. H. Dunn and M. Ebrahimzadeh, Science 286, 1513
(1999).
[2] K. Fradkin, A. Arie, A. Skliar, and G. Rosenman, Appl.
Phys. Lett. 74, 914 (1999).
[3] S. T. Cundiff and J. Ye, Rev. Mod. Phys. 75, 325 (2003).
[4] J.-W. Pan, Z.-B. Chen, C.-Y. Lu, H. Weinfurter,
A. Zeilinger, and M. Z˙ukowski, Rev. Mod. Phys. 84,
777 (2012).
[5] L. Scaccabarozzi, M. Fejer, Y. Huo, S. Fan, X. Yu, and
J. S. Harris, Opt. Lett. 31, 3626 (2006).
[6] K. Rivoire, Z. Lin, F. Hatami, W. T. Masselink, and
J. Vucˇkovic´, Opt. Express 17, 22609 (2009).
[7] J. S. Levy, M. A. Foster, A. L. Gaeta, and M. Lipson,
Opt. Express 19, 11415 (2011).
[8] M. Cazzanelli, F. Bianco, E. Borga, G. Pucker,
M. Ghulinyan, E. Degoli, E. Luppi, V. Ve´niard, S. Os-
sicini, D. Modotto, W. S, R. Pierobon, and L. Pavesi,
Nat. Mat. 11, 148 (2012).
[9] P. S. Kuo, J. Bravo-Abad, and G. S. Solomon, Nat.
Comm. 5, 3109 (2014).
[10] X. Guo, C.-L. Zou, and H. X. Tang, Optica 3, 1126
(2016).
[11] E. Timurdogan, C. V. Poulton, M. Byrd, and M. Watts,
Nat. Photon. 11, 200 (2017).
[12] R. Geiss, S. Saravi, A. Sergeyev, S. Diziain, F. Set-
zpfandt, F. Schrempel, R. Grange, E.-B. Kley,
A. Tu¨nnermann, and T. Pertsch, Opt. Lett. 40, 2715
(2015).
[13] L. Chang, Y. Li, N. Volet, L. Wang, J. Peters, and J. E.
Bowers, Optica 3, 531 (2016).
[14] C. Wang, X. Xiong, N. Andrade, V. Venkataraman, X.-
F. Ren, G.-C. Guo, and M. Loncˇar, Opt. Express 25,
6963 (2017).
[15] A. Rao, J. Chiles, S. Khan, S. Toroghi, M. Malinowski,
G. F. Camacho-Gonza´lez, and S. Fathpour, Appl. Phys.
Lett. 110, 111109 (2017).
[16] R. Luo, Y. He, H. Liang, M. Li, and Q. Lin, Optica 5,
1006 (2018).
[17] L. Cai, A. V. Gorbach, Y. Wang, H. Hu, and W. Ding,
Sci. Rep. 8, 12478 (2018).
5[18] R. Luo, Y. He, H. Liang, M. Li, and Q. Lin,
arXiv:1809.06476 (2018).
[19] C. Wang, M. J. Burek, Z. Lin, H. A. Atikian,
V. Venkataraman, I.-C. Huang, P. Stark, and M. Loncˇar,
Opt. Express 22, 30924 (2014).
[20] J. Lin, Y. Xu, J. Ni, M. Wang, Z. Fang, L. Qiao, W. Fang,
and Y. Cheng, Phys. Rev. Appl. 6, 014002 (2016).
[21] R. Luo, H. Jiang, S. Rogers, H. Liang, Y. He, and Q. Lin,
Opt. Express 25, 24531 (2017).
[22] Z. Hao, J. Wang, S. Ma, W. Mao, F. Bo, F. Gao,
G. Zhang, and J. Xu, Photon. Res. 5, 623 (2017).
[23] J. Lin, Y. Ni, Z. Hao, J. Zhang, W. Mao,
M. Wang, W. Chu, R. Wu, Z. Fang, L. Qiao, et al.,
arXiv:1809.04523 (2018).
[24] L. Wang, C. Wang, J. Wang, F. Bo, M. Zhang, Q. Gong,
M. Loncˇar, and Y.-F. Xiao, Opt. Lett. 43, 2917 (2018).
[25] R. Wolf, Y. Jia, S. Bonaus, C. S. Werner, S. J. Herr,
I. Breunig, K. Buse, and H. Zappe, Optica 5, 872 (2018).
[26] J.-Y. Chen, Y. M. Sua, H. Fan, and Y.-P. Huang, OSA
Continuum 1, 229 (2018).
[27] S. Diziain, R. Geiss, M. Zilk, F. Schrempel, E.-B. Kley,
A. Tu¨nnermann, and T. Pertsch, Appl. Phys. Lett. 103,
051117 (2013).
[28] H. Jiang, H. Liang, R. Luo, X. Chen, Y. Chen, and
Q. Lin, Appl. Phys. Lett. 113, 021104 (2018).
[29] M. Li, H. Liang, R. Luo, Y. He, and Q. Lin,
arXiv:1806.04755 (2018).
[30] E. S. Hosseini, S. Yegnanarayanan, A. H. Atabaki,
M. Soltani, and A. Adibi, Opt. Express 18, 2127 (2010).
[31] X. Lu, Q. Li, D. A. Westly, G. Moille, A. Singh, V. Anant,
and K. Srinivasan, arXiv:1805.04011 (2018).
[32] R. Boyd, Nonlinear Optics (3rd edn.), (Academic, New
York, 2008).
[33] A. Rodriguez, M. Soljacˇic´, J. D. Joannopoulos, and S. G.
Johnson, Opt. Express 15, 7303 (2007).
